Abstract -In this paper conducted electromagnetic interference (EMI) of boost converter with switching frequency modulation (SFM) is theoretically analyzed in details. In the analysis line impedance stabilization network parameters, power inductor and input filtering capacitor parameters are taken into account. The analysis shows that the conducted EMI attenuation due to the use of SFM depends not only on modulation index as it is assumed in numerous research papers, but also on central switching frequency. Useful expressions to numerically calculate SFM boost converter conducted EMI spectrum and attenuation due to the use of triangular and sawtooth modulation waveforms are derived. Additionally experimental verification of the theoretical results is performed using a superheterodyne spectrum analyzer. Moreover a procedure for the choice of optimum SFM parameters (modulation waveform, frequency deviation and modulation frequency) to get maximum conducted EMI attenuation is proposed.
I. INTRODUCTION
Nowadays switch-mode power converters (SMPC) are often used in many electronic devices to convert electric power with high efficiency. High levels of electromagnetic interference (EMI) both conducted and radiated are still one of the major disadvantages of SMPC. Thus, much attention is usually focused on EMI reduction when designing a SMPC [1] [2] [3] .
To suppress EMI, filtering, shielding, soft-switching etc. are usually used in practice. However, over the last decade so called spread-spectrum technique has been extensively studied by researchers all over the world and used for the EMI reduction in SMPC including power factor correctors (PFC), lighting equipment electronic ballasts, inverters, etc. [4] [5] [6] [7] . Noticeable suppression of peak EMI levels can be simply obtained by the modulation of switching frequency f sw using simple periodic modulating waveforms (such as sine, triangle, sawtooth, etc) thus spreading the spectrum of SMPC voltages and currents [8] , [9] . Switching frequency modulation (SFM) can reduce not only conducted but radiated EMI as well [11] .
Although numerous research papers [6] [7] [8] [9] [10] [11] are devoted to SMPC conducted EMI reduction with periodic SFM, usually the analysis includes only the investigation of spectra of rectangular pulse trains (representing power component voltages) or power component currents (such as power inductor current). However the conducted EMI noise voltage waveforms highly differ from the power component voltages and currents waveforms [12] . Thus the analysis presented in the papers can omit several important details of the effect of SFM parameters on conducted EMI attenuation.
In this paper a comprehensive theoretical analysis of conducted EMI of SFM SMPC is presented. In the analysis the effect of line impedance stabilization network (LISN) and input EMI filter parameters is also taken into account. Moreover the expressions to calculate SFM SMPC EMI spectrum and EMI attenuation due to the use of triangular and sawtooth modulation waveforms are derived. Additional experimental verification is performed and a procedure for the choice of optimum SFM parameters to get maximum EMI attenuation is proposed.
II. THEORETICAL ANALYSIS OF EMI OF SMPC WITHOUT SFM
In this chapter the conducted EMI spectrum without SFM will be considered first. It is rather well known from the power electronics that for EMI measurements LISN and EMI spectrum analyzer are used as shown in Fig.1 . A spectrum analyzer with specified resolution bandwidth (RBW) and detector type is connected to the LISN radio-frequency measurement output to analyze conducted EMI spectrum in the specified frequency range (e.g. 9kHz-30MHz).
During the design process it is of importance to predict EMI spectrum theoretically. Theoretical analysis and prediction of conducted EMI of SMPC without SFM has been performed in various papers, e.g. [12] - [16] . Usually EMI is analyzed using computer simulation and fast Fourier transform (FFT) to calculate EMI spectrum. However several papers [12] , [16] propose simple analytical models for EMI analysis and prediction in SMPC without SFM.
In this paper a boost DC-DC converter operating in continuous conduction mode (CCM) is chosen for the analysis. In Fig.2 boost SMPC with input filtering capacitor C in and LISN is shown. To simplify the analysis only nonidealities of C in and power inductor will be taken into account. Since conducted EMI is of interest, LISN radio-frequency measurement output voltage V LISN will be analyzed in the frequency domain. V ens should be derived first in order to calculate V LISN spectrum transfer function K EMI (f) between V LISN and an equivalent noise source [12] , [16] . For this purpose a slightly modified simple EMI model taken from [12] is used as shown in Fig.3(a) . Using the model the transfer function between V ens and V LISN can be derived:
where
and real power inductor complex impedance [17] 
The transfer function K EMI (f) for different values of parasitic capacitance C h between MOSFET drain and a grounded heatsink is shown in Fig.4 . Thus V LISN spectrum can be calculated as
where V ens spectrum S Vens (f)=2d n (where d n are Fourier series complex coefficients) according to
where D is duty ratio, T sw is switching period, f sw is switching frequency. For boost SMPC B 2 =V out -V in and B 1 =-V in [16] . The calculated conducted EMI (V LISN spectrum) when D=50% is shown in Fig.5 . It can be seen that the spectrum consists of discrete harmonics of f sw . The 1 st harmonic amplitude is the highest. 
III. THEORETICAL ANALYSIS OF EMI OF SMPC WITH SFM
When the SFM is used then V ens and V LISN spectra are more difficult to calculate. For sinusoidal SFM V ens spectrum can be obtained using the Bessel functions as follows [7]  
where J k is kth order Bessel function, β is the modulation index and f m is modulation frequency. For other modulation waveforms e.g. sawtooth, triangular, etc. the spectrum calculation is more difficult [11] . Usually to calculate the spectrum of SFM signal, FFT is used as it was done e.g. in [9] . However, as such FFT requires a lot of computation time and power. Thus in this paper simple expressions to calculate EMI spectrum are derived. For this purpose Fourier series can be used, assuming that when T m /T sw is an integer number then SFM signal is periodic with modulation period T m [11] . 
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Complex Fourier series coefficients for SFM V ens - Fig.3(b) . where an integer number N=2f sw /f m . t k are the time instants at which V ens crosses zero - Fig.3(b) . They can be calculated by solving trigonometric equation [11] 
where the time dependent phase angle [6] is
but m(t) is the modulation signal with unitary amplitude. Solution of (8) 
and for triangular SFM Derived expressions (7), (10) and (11) can be simply used to numerically calculate V ens and V LISN spectra in SMPC with triangular and sawtooth SFM. Using the expressions and Matlab code the spectra can be calculated just within a few seconds. As an example unmodulated and SFM boost SMPC theoretical spectra of V ens are shown in Fig.6 . In turn, in Fig.5 calculated conducted EMI spectra (V LISN spectra) are shown for different f sw . As it can be seen from the figures SFM leads to noticeable decrease in amplitudes of unmodulated f sw harmonics. It is interesting to observe that when adjacent sidebands do not overlap then the sidebands are symmetrical with respect to f sw and its harmonics in V ens spectrum.
However in the case of V LISN spectrum, the sidebands are asymmetrical when f sw =80kHz. This is because the transfer function between V ens and V LISN depends on frequency (Fig.4) . In fact the sideband asymmetry is also observed in SFM electronic ballast output current [5] .
Effectiveness of the use of SFM is characterized by a parameter called attenuation which is the difference in (dB) between maximum amplitude of unmodulated and SFM spectra in the frequency range of interest [9] , [18] . In the literature the researchers usually consider only attenuation (A) of amplitudes of unmodulated f sw harmonics for rectangular pulse trains. This assumption in fact is incorrect because V ens spectrum highly differs from V LISN spectrum (see Fig.5 and Fig.6 ). That is why in this paper we will consider not only A but also attenuation (A EMI ) of amplitudes of unmodulated f sw harmonics for V LISN . So to calculate the attenuations the following equations will be used
where S Vens and S Vens1 are unmodulated and SFM V ens spectra, but S VLISN and S VLISN1 are unmodulated and SFM V LISN spectra.
To calculate the attenuations for sinusoidal SFM (4), (6), (12) and (13) should be used, but for sawtooth and triangular SFM (4), (7), (10)- (13) can be used. Calculated A and A EMI as a function of Δf sw (f m =const) for different f sw and m(t) are shown in Fig.7 .
The results clearly show that conducted EMI attenuation cannot be characterized by the parameter A (as it was done in numerous papers), because the actual conducted EMI attenuation (A EMI ) highly differs from A. Moreover A depends only on Δf sw , f m and m(t), but A EMI depends also on f sw value. So when calculating conducted EMI attenuation due to SFM, f sw should also be taken into account. Moreover A is an increasing function of Δf sw, but A EMI increases, then it achieves its maximum and then it even decreases as Δf sw increases (see Fig.7 ). Since the 1 st sideband amplitude is the highest in SFM V LISN spectrum and f sw set the location of the sideband in the frequency range, then when the 1 st sideband is in the range where K EMI (f) changes slowly, difference ΔA between A and A EMI is minimal (this mainly corresponds to the high frequency range). However when the 1 st sideband is in the range where K EMI (f) changes steeply, the difference ΔA is high (this mainly corresponds to low frequency range). Approximate ΔA can be calculated using the following simple expression
where f swmax = f sw +Δf sw . For rather small values of Δf sw (up to 10 kHz) A is approximately equal to A EMI , however the higher is Δf sw the higher also is ΔA. It is interesting to observe from Fig.7 that A EMI for sawtooth SFM is the highest but for sinusoidal it is the lowest, that is why it is better to use sawtooth m(t). As for the choice of modulation frequency, it is widely known that to get acceptable EMI reduction f m should be chosen slightly higher than RBW (which is usually set by a standard, e.g. CISPR 22) [10] . The most problematic SFM parameter to choose is Δf sw . When designing SFM SMPC Δf sw should be carefully chosen so that A EMI is maximal. The derived expressions can be used for this purpose.
IV. EXPERIMENTAL VERIFICATION
A. Experimental setup Experimental boost SMPC (Fig.8 ) operating in CCM is tested in an open loop mode to verify the theoretical analysis described above. In the experiments a regulated DC source is connected to the input of the boost SMPC. The input voltage of the boost converter is V in =4 V; output load 12Ω and f sw =80 kHz. For the experiments MOSFET IRF530 was used without external heatsink, so only differential mode conducted EMI will be considered in the calculations. To perform SFM, a frequency modulated square waveform signal from an arbitrary waveform generator is fed into the driver controlling the power MOSFET. The necessary SFM parameters can be set using the generator.
B. Experimental results
Conducted EMI (V LISN spectrum) is analyzed using a spectrum analyzer (Agilent E4402B) with RBW=200Hz and a peak detector. The experimental and calculated V LISN spectra are depicted in Fig.9 . As it can be seen the difference between the results is not high. Thus the derived expressions can be used for the conducted EMI calculation.
V. PROCEDURE FOR THE CHOICE OF SFM PARAMETERS
To get the maximum EMI attenuation due to the use of SFM for the given value of f sw , SFM parameters should be properly chosen. For this purpose a procedure for the choice of optimum SFM parameters to get maximum EMI attenuation is proposed as follows: step 1: choose f m slightly higher than RBW; step 2: as m(t) choose sawtooth; step 3: calculate unmodulated V LISN spectrum using (1)-(5); step 4: calculate SFM V LISN spectrum using (1)- (4), (7), (10); step 4: calculate A EMI versus Δf sw using (13); step 5: find Δf swmax at which A EMI is at maximum; step 6: choose Δf sw = Δf swmax ; step 7: end.
VI. CONCLUSIONS
The comprehensive theoretical analysis presented in this paper shows that the assumption that conducted EMI attenuation (A EMI ) due to the use of SFM depends only on modulation index and modulation waveform (as it was considered by other researchers) generally is incorrect. A EMI depends not only on Δf sw /f m and m(t), but also on f sw . This is because in the analysis LISN, input filter and power inductor parameters should be taken into account.
The derived expressions to numerically calculate conducted EMI spectrum and attenuation in SFM SMPC can be very useful in the design process, because they require less computation time than FFT.
The presented analysis shows that sawtooth modulation waveform is the best choice. The most problematic SFM parameter to choose is Δf sw . When designing a SFM SMPC Δf sw should be carefully chosen so that A EMI is at maximum. For this purpose the derived expressions can be used. The developed procedure for the choice of SFM parameters can simplify the selection of optimum SFM parameters to get maximum EMI attenuation for the given value of f sw .
